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HEART RATE AND BLOOD PRESSURE
MONITORING BIOSENSORS

BACKGROUND

The present invention generally relates to fabrication
methods and resulting structures for biosensors. More spe-
cifically, the present invention relates to heart rate and blood
pressure monitoring using wearable sensors.

Blood pressure and pulse monitoring can be important in
the treatment and prevention of a variety of medical condi-
tions. For example, monitoring pressure pulse waves, heart
rate variability, and arterial pressure can be important to
characterize cardiovascular disease and other conditions
involving altered cardiac function. Heart contractions gen-
crate pulse waves that travel to peripheral arteries. The
characteristics of such pulse waves can provide a number of
insights into the status of internal systems. For example, the
speed of travel of the pulse waves and rhythmically of pulse
waves can correlate to arterial stifiness, heart rate variability,
and blood pressure. Monitoring and characterizing aspects
of blood flow, such as pressure pulse wave characteristics
and arterial pressure, can provide indicators, for instance, of
cardiovascular events, hypertension, organ damage, and
even lung function.

SUMMARY

Embodiments of the present invention are directed to a
computer 1mplemented method for determining arterial
pressure. A non-limiting example of the method includes
receiving, to a processor, a {irst pressure pulse signal from a
first strain gauge sensor. The method also 1includes receiving,
to the processor, a second pressure pulse signal from a
second strain gauge sensor. The method also includes deter-
mimng a pulse transit time between the first strain gauge
sensor and the second strain gauge sensor based at least 1n
part upon the first pressure pulse signal and the second
pressure pulse signal.

Embodiments of the present invention are directed to a
computer-implemented method for determining arterial
pressure. A non-limiting example of the method includes
receiving, to a processor, an electrocardiogram (ECG) signal
from an ECG electrode. The method also includes receiving,
to the processor, a pressure pulse wavelform from a strain
gauge sensor. The method also includes extracting, by the
processor, an ECG feature from the ECG signal. The method
also includes extracting, by the processor, a pressure pulse
wave Ieature from the pressure pulse wavelorm. The method
also includes determining, by the processor, an arterial
pressure based at least 1n part upon the pressure pulse wave
teatures and the ECG features.

Embodiments of the present invention are directed to a
biosensor system. A non-limiting example of the system
includes a wearable sensor capable of detecting a pressure
pulse wave signal through the skin of a subject. The system
also includes a wearable device for atlixing the wearable
sensor to a skin of a subject. The system also includes a
circuitry module including a control unit for receiving
signals from the wearable sensor and a data communication
unit capable of communicating with an external device.

Additional techmical features and benefits are realized
through the techniques of the present invention. Embodi-
ments and aspects of the invention are described 1n detail
herein and are considered a part of the claimed subject
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2

matter. For a better understanding, refer to the detailed
description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The specifics of the exclusive rights described herein are
particularly pointed out and distinctly claimed 1n the claims
at the conclusion of the specification. The foregoing and
other features and advantages of the embodiments of the
invention are apparent from the following detailed descrip-

tion taken in conjunction with the accompanying drawings
in which:

FIG. 1 depicts representative ECG and pulse wave signals
from a strain-gauge sensor from an exemplary embodiment
of the invention;

FIGS. 2A and 2B depict schematics of an exemplary
biological monitoring system according to embodiments of
the invention, 1n which FIG. 2A depicts a side view of the
monitoring system positioned on a user and FIG. 2B depicts
a top down view of the monitoring system positioned on the
user;

FIGS. 3A and 3B depict schematics of an exemplary
biological monitoring system according to embodiments of
the invention, 1n which FIG. 3A depicts a side view of the
monitoring system positioned on a user and FIG. 3B depicts
a top down view of the monitoring system positioned on the
user;

FIG. 4 depicts a schematic of another exemplary sensing,
system according to embodiments of the imvention;

FIGS. SA-5D depict schematics of an exemplary sche-
matic ol aspects of a piezoresistive-based strain gauge
clement according to embodiments of the invention, 1n
which:

FIG. SA depicts an exemplary schematic of aspects of a
piezoresistive-based strain gauge element;

FIG. 5B depicts another exemplary schematic of aspects
ol a piezoresistive-based strain gauge element;

FIG. 5C depicts another exemplary schematic of aspects
ol a piezoresistive-based strain gauge element; and

FIG. 5D depicts another exemplary schematic of aspects
ol a piezoresistive-based strain gauge element;

FIG. 6 depicts a schematic of aspects of an exemplary
strain gauge sensor unit with piezoresistive-based strain
gauge according to embodiments of the invention;

FIG. 7 depicts a schematic of aspects of an exemplary
strain gauge sensor unit including a piezoelectric strain
gauge according to embodiments of the invention;

FIG. 8 depicts a schematic of aspects of an exemplary
sensing system according to embodiments of the invention;

FIG. 9 depicts a schematic of aspects of another exem-
plary sensing system according to embodiments of the
invention;

FIG. 10 depicts a flow diagram of an exemplary method
according to embodiments of the invention;

FIG. 11 depicts a flow diagram of another exemplary
method according to embodiments of the invention;

FIG. 12 depicts a cloud computing environment accord-
ing to an embodiment of the present invention.

FIG. 13 depicts abstraction model layers according to an
embodiment of the present invention.

FIG. 14 depicts a computer system according to one or
more embodiments of the present invention.

FIG. 15 depicts data obtained with an exemplary system
according to embodiments of the invention as well as data
obtained with a conventional oximetric system for compari-
SOn;
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FIG. 16 A-C show representative results from an exem-
plary embodiment of the ivention with ECG and strain
gauge sensors, 1 which:

FIG. 16 A depicts data obtained with an exemplary system
according to embodiments of the invention;

FIG. 16B depicts data obtained with an exemplary system
according to embodiments of the mvention; and

FIG. 16C depicts computed systolic blood pressure
obtained with an exemplary system according to embodi-
ments of the invention.

The diagrams depicted herein are illustrative. There can
be many variations to the diagram or the operations
described therein without departing from the spirit of the
invention. For instance, the actions can be performed 1n a
differing order or actions can be added, deleted or modified.
Also, the term “coupled” and variations thereol describes
having a communications path between two elements and
does not imply a direct connection between the elements
with no intervening elements/connections between them. All
of these variations are considered a part of the specification.

In the accompanying figures and following detailed
description of the described embodiments, the various ele-
ments 1llustrated 1n the figures are provided with two or
three-digit reference numbers. With minor exceptions, the
lettmost digit(s) of each reference number correspond to the
figure 1n which 1ts element 1s first illustrated.

DETAILED DESCRIPTION

For the sake of brevity, conventional techniques related to
semiconductor device and integrated circuit (IC) fabrication
may or may not be described in detail herein. Moreover, the
various tasks and process steps described herein can be
incorporated into a more comprehensive procedure or pro-
cess having additional steps or functionality not described 1n
detail herein. In particular, various steps in the manufacture
ol semiconductor devices and semiconductor-based ICs are
well known and so, 1n the interest of brevity, many conven-
tional steps will only be mentioned briefly herein or will be
omitted entirely without providing the well-known process
details.

Turning now to an overview of technologies that are more
specifically relevant to aspects of the invention, monitoring
of pressure pulse waves, heart rate variability, and arterial
pressure are important to prevent, treat, or manage cardio-
vascular diseases and ischemic strokes and other medical
conditions.

A common conventional method to record pulse pressure
waves 15 photoplethysmography. In photoplethysmography,
blood volume changes 1n peripheral arteries are detected by
optical sensors based on principles of light scattering. Such
optical sensors can be placed on the chest, wrist, or finger of
a subject.

Conventionally, non-invasive arterial pressure measure-
ments can be measured by the sphygmomanometer, which
includes 1ntlatable cufls commonly used 1n doctor’s offices,
clinics, and in home-based settings.

Conventional methods of measuring pressure pulse waves
and arterial pressure suiler from a number of drawbacks. For
example, photoplethysmography signals can be extremely
sensitive to motion and, as such, are not useful for moni-
toring pressure pulse waves when a person walks or exer-
cises. Sphygmomanometers and other known systems for
measuring arterial pressure have a number of limitations.
For instance, the sphygmomanometer, the most reliable
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device to measure arterial pressure (Pa), does not provide
continuous measurements. Other methods can suflfer from
poor reliability issues.

Turning now to an overview of the aspects of the imven-
tion, one or more embodiments of the invention address the
above-described shortcomings of the prior art by providing
continuous estimation of heart rate variability and/or systolic
and diastolic arterial pressure. Some embodiments of the
invention provide non-invasive recording of pressure pulse
waves at peripheral locations to determine heart rate vari-
ability and blood pressure. Some embodiments of the inven-
tion enable acquisition of heart and blood pressure data
while a subject 1s 1n motion.

The above-described aspects of the invention address the
shortcomings of the prior art by including semiconductor
strain gauge materials to record transit time and wave form
of the blood pressure wave. In some embodiments of the
invention, semiconductor strain gauge sensors are included
in patch systems that can be applied to the skin of a subject.
In some embodiments of the invention, semiconductor strain
gauge sensors are included in electrodes. Semiconductor
strain gauge materials can be used to measure transit time
and wave form of a blood pressure wave by placing sensors
including semiconductor strain gauge materials on or near
blood vessels, such as externally near an artery, such as on
the neck, wrist, or temple, imnternally on or near an artery, or
combinations of such placements. Sensors including semi-
conductor strain gauge materials can be used to determine
blood pressure.

Embodiments of the mnvention can provide reliable, non-
invasive measurements of vessel expansions induced by
pressure pulse waves to provide blood pressure monitoring
and subject health. The time 1interval needed by a pulse wave
to travel from the heart to a pernipheral artery or from a
proximal artery to a distal one, referred to as pulse transit
time (P'1T), can provide information pertinent to monitoring
subject health. Pressure pulse waves are generated as heart
contractions cause blood to travel to peripheral arteries. A
pulse pressure wave contains information relevant to a
number of internal systems and processes. Pulse wave
velocity depends, 1n part, on arternial pressure.

Systolic and diastolic arterial pressure can be estimated
from PTT. PI'T can be obtained by using two sensors that
record electrocardiogram (ECG) and a plethysmogram, or
two plethysmograms taken at different locations by either
piezoelectric or piezoresistive sensors. Arterial pressure can
be determined from PTT through the Moens-Korteweg
equation, taking into account constitutive laws for arterial
stiflness. Arterial pressure can, in some cases, be related to
PTT by linear regression or non-linear formulas it to
experimental distributions of PTT-Pa data. Embodiments of
the invention can measure blood tlow characteristics through
placement ol strain gauge sensors using, for 1instance,
Moens-Korteweg equation.

Turning now to a more detailed description of aspects of
the present invention, FIG. 1 depicts exemplary pressure
pulse wave charts. The chart depicts a typical ECG wave-
form 202. Methods and apparatuses for obtaining such
signals are known. ECG signals can be, for example, digi-
tized and analyzed according to various known methods to
characterize a number of systemic features and conditions,
such as heart rate and arrhythmias. The chart also depicts a
strain gauge based wave form 204 that can be obtained
according to embodiments of the invention. As shown, R
represents an R peak, which can play an important role, for
instance, in diagnosing heart rhythm abnormalities. Accord-
ing to embodiments of the invention, PTT can be obtained
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by using two sensors that record ECG and a plethysmogram.
PTT 1s defined here as the time interval between the R-peak
of the ECG, as shown, and the arrival of the pulse wave to
one of the peripheral arteries (such as a radial artery), which
can be observed via a strain gauge sensor according to
embodiments of the mnvention as 1llustrated as point P1 206
in FIG. 1.

Systems according to embodiments of the invention can
record pressure pulse waves at multiple peripheral locations,
such as two or more locations, to characterize biological
systems and conditions, including for instance characteriza-
tion and determination of heart rate variability and systolic
blood pressure. Sensors according to embodiments of the
invention, including semiconductor or metal strain gauge
sensors that use piezoresistive ellect and/or piezoelectric-
based strain gauge sensors and electrodes, can be used to
record pulse transit time and the wave form of a blood
pressure wave. Features of blood pressure wave form and
ECG can be used, 1n some embodiments of the invention, for
continuous estimation of systolic and diastolic arterial pres-
sure.

Embodiments of the invention include sensors positioned
on or near an artery. In some embodiments of the invention,
biosensors, including strain gauge sensors, are placed on the
skin at a location where an artery 1s capable of being
compressed near the surface of the body, including at the
carotid artery, brachial artery, radial artery, femoral artery,
popliteal artery, posterior tibial artery, and/or the dorsalis
pedis artery. In some embodiments of the invention, biosen-
sors, including piezoresistive type strain gauge sensors
and/or piezoelectric type strain gauge sensors, are implanted
near an artery. For instance, biosensors can be inserted
subcutaneously or can be placed directly on an artery. In
some embodiments of the invention, biosensors are coated
with a biocompatible material prior to 1nsertion or implan-
tation.

FIG. 2A depicts a side view of an exemplary biological
monitoring system 300 according to embodiments of the
invention. As 1s shown, aspects of a sensing system 300 can
be applied to the surface of the skin at an area in close
proximity to an artery, such the surface of the skin 308 at a
wrist. The system 300 can include a piezoelectric or piezore-
sistive sensor unit 306 and a circuitry module 304. The
piezoelectric or piezoresistive sensor unit can be a wearable
sensor capable of detecting a pressure pulse wave through
the skin of a subject. The circuitry module 304 can include,
for example, a microcontroller, an amplifier, an analog to
digital (A/D) converter, and a power and/or data communi-
cation unit capable of communicating wirelessly or via a
wired connection to an external device such as smart phone,
watch, tablet, notebook, etc. In some embodiments of the
invention, the piezoelectric or piezoresistive sensor unit 306
and the circuitry module 304 are fastened to a band or belt
302 capable of encircling a body part, such as a wrist. The
piezoelectric or piezoresistive sensor unit 306 1s positioned,
in some embodiments of the invention, against the surface of
the skin. The circuitry module 304 can include a power
source and can receive signals from the strain gauge sensor
306 and the external device, such as smart phone, watch,
tablet, computer, or other electronic device.

FIG. 2B depicts a top down view of another exemplary
biological momtoring system 309. The system 309 includes
a piezoelectric or piezoresistive sensor unit 306, a circuitry
module 304 electrically connected to the sensor unit 306,
and a band or belt 302. The band or belt 302, as shown,
includes a protrusion 310 at the location of the sensor unit
306 to improve or enhance contact between the sensor unit
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306 and the surface of the skin 308. In some embodiments
of the mvention, the band or belt 302 includes a clasp 312
to fasten the band or belt 302 around the body.

Piezoelectric or piezoresistive sensor unit 306 can include
piezoresistive based strain gauge sensors or piezoelectric
based straimn gauge sensors. In some embodiments of the
invention, systems include biosensors including piezoelec-
tric materials. In some embodiments of the invention, sys-
tems i1nclude semiconductor based strain guage sensors and
piezoelectric based strain gauge sensors. As will be appre-
ciated by those skilled in the art, the electrical properties of
a semiconductor material 1n a semiconductor based strain
gauge can be adjusted by modilying dopants and/or doping
conditions, such as patterns and concentrations of dopant,
depending on the desired properties and applications.

Embodiments of the mvention include sensors including
semiconductor and/or metal (e.g. nanoparticle based) strain
gauge materials. Strain gauges measure strain that can be
imparted by stress, torque, and a host of other stimuli1 such
as displacement, acceleration, and position. The gauge fac-
tor for semiconductors can be several magnitudes larger than
the gauge factor for metal. Thus, the change 1n conductivity
due to strain can be much larger in semiconductor strain
gauge materials relative to conductive strain gauge materi-
als, providing highly sensitive strain detection and measure-
ments.

Embodiments of the invention include metal based strain
gauge sensors including, for example, nanoparticle-based
materials, carbon nanotube based materials, nanofiber based
materials, and/or combinations thereof.

In a semiconductor strain gauge material, a semiconduc-
tor substrate can provide a means of straining a silicon chip.
Semiconductor base materials can be doped, for example by
diffusion of doping materials, to obtain a desired base
resistance. Advantageously, strain gauge materials can be
several magnitudes smaller than metal sensors due 1n part on
the difference 1 gauge {factor. Strain gauges can be
described, 1in some instances, with a function as follows:

AR Ap AL AA

R o L A

where p 1s the resistivity of the matenial, L 1s the length of
the material, A 1s the cross-sectional area of the material.

Methods of manufacturing strain gauge sensors, including
semiconductor strain gauge sensors, are known. In some
embodiments of the invention, a semiconductor base mate-
rial of a semiconductor based strain gauge sensor can be
doped. Doping can be selective doping, such that a specific
area or region of the substrate 1s doped, or doping can be
non-selective, for example such that the entire silicon sub-
strate 1s doped to obtain a base resistance as needed.
Non-limiting examples of suitable dopant materials include
p-type dopants (e.g., boron), n-type dopants (e.g., phospho-
rus, arsenide, antimony), or any combination thereof. A
substrate can provide strain for a silicon chip. In some
embodiments, metal connections can be provided at the ends
ol a device.

Piezoelectric materials that can be used include, {for
instance, perovskite based materials and non-perovskite
piezo-electric matenals. Piezoelectric materials can include,
for example, lead zirconate titanates (PZTs), potassium
niobate, sodium tungstate, barium titanate (BaTliO,), and
lead titanate (Pb110,). Piezoelectric maternials that directly
generate a voltage that 1s a function of the strain can
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advantageously have higher efliciency than piezoresistive
materials and can require less surface area. Moreover, piezo-
clectric based strain gauge sensors can be integrated in back
end of the line (BEOL) of semiconductor manufacturing
pProcess.

Selected exemplary properties of piezoelectric materials
and piezoresistive materials (semiconductor based strain
gauge materials) are depicted below. The properties of
piezoelectric materials can be varied, for mnstance depending,
on materials used, based upon the desired properties and
applications.

"y

Strain sensitivity Threshold  Span to threshold
Material (V/ue) (ue) ratio
Piezoelectric 5.0 0.00001 100,000,000
Piezoresistive 0.0001 0.0001 2,500,000

FIGS. 3A and 3B depict another exemplary system 400
according to one or more embodiments of the invention, 1n
which FIG. 3A depicts a side view of a system 400 according,
to an exemplary embodiment of the invention applied to the
surface of the skin at an area in close proximity to an artery,
such the surface of the skin at a wrist 402. FIG. 3B shows
a top down view of the system 400. The system 400 can
include a piezoelectric or piezoresistive sensor unit 306, an
adhesive patch 406, and a circuitry module 408, including
control and commumnication circuitry for the strain gauge
sensor. The strain gauge sensor can include a piezoresistive
material (e.g. semiconductor) or a piezoelectric material.
The adhesive patch 406 can facilitate placement of the
piezoelectric or piezoresistive sensor unit 306 in contact
with the skin. The adhesive patch can include, for instance,
a backing material such as a fabric or a tlexible polymer, and
an adhesive material capable of maintaining the placement
ol a sensor against the skin, including known dermal adhe-
sives. The piezoelectric or piezoresistive sensor umt 306
send signals via the circuitry module 408 to an external
device, such as a computer, tablet, or smart device (not
shown 1n FIGS. 4A and 4B).

FIG. 4 depicts another exemplary system 500 according
to one or embodiments of the mvention. The system 500
includes a headband 504 including a piezoelectric or
piezoresistive sensor unit 306 and a circuitry module 506.
The headband 504 can be placed around a user’s head 502
so as to position the sensor 306 near the temporal artery. The
circuitry module 506, which can include communication
circuitry, can be placed on the headband, as shown.

Strain gauge sensor units according to embodiments of
the invention, for instance systems as depicted 1 FIGS. 6
and 7, can be placed at single or multiple locations on a
body. Embodiments of the invention including multiple
strain gauge sensors can be formed 1n a varnety of patterns
and configurations. FIGS. SA-5D depict shape of piezore-
sistive type strain gauge sensors according to embodiments
of the mvention.

FIG. SA depicts a linear pattern in which two strain gauge
sensing pads are 1n a linear configuration separated by a
connecting line of distance Y1 from 50 um to 50 mm, and
having a width X1 from 2 um to 10 mm. The sensing pads
can each have a width X2 from 350 um to 5 mm and height
Y3 from 350 um to 5 mm. FIG. 5B depicts a u-shaped pattern
in which two sensing pads, 1n which the connecting line X3
can have a length, for mstance of 6 um to 30 mm. FIG. 5C
and FIG. 5D depict alternate configurations including con-
necting lines including a plurality of deflection points.
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FIG. 6 depicts a schematic of an exemplary strain gauge
sensor unit 700 according to embodiments of the invention.
The strain gauge sensor unit 700 includes a semiconductor-
based strain gauge sensor including a Wheatstone bridge
circuit 702. A Wheatstone bridge circuit 702 consists of
resistors and 1t has the ability to provide accurate measure-
ments. The umt 700 also includes an amplifier circuit 704
used for increasing amplitude of output signal from the
Wheatstone bridge circuit 702 and an analog to digital (A/D)
converter 706. The strain gauge sensor unit 700 can also
include a microcontroller 708. The microcontroller 708
receives signals from A/D converter 706 and can have a
capability of signal processing. In some embodiments of the
invention, signal processing 1s performed by one or more
external devices in communication with the exemplary
strain gauge sensor umt 700. The strain gauge sensor unit
700 can also include a register 710 including, for instance,
flash memory and/or SRAM.

FIG. 7 depicts a schematic of another exemplary strain
gauge sensor unit 800 according to embodiments of the
invention. The strain gauge sensor unit 800 includes a
piezoelectric strain gauge sensor 802. The unit 800 also
includes an analog to digital (A/D) converter 804 that
converts the analog signals coming from the piezoelectric
strain sensor 802 into digital signals for mput into micro-
controller 806. The strain gauge sensor unit 800 can also
include a microcontroller 806. The microcontroller 806
receives signals from A/D Converter 804 and can have
signal processing capabilities. The strain gauge sensor unit
800 can also include a register 808.

Advantageously, PZT sensors can be seli-powered, for
instance directly generating voltage that 1s a function of
strain. In some embodiments of the invention, a piezoelec-
tric strain gauge sensor unit does not have an external power
system.

FIG. 8 depicts a schematic of an exemplary strain gauge
sensor system 900 according to one or more embodiments of
the mvention. The system 900 includes a sensing patch or
band 904 and an external computing device 902 electrically
and mechanically connected by wires. The sensing patch or
band 904 can include a strain gauge sensor integrated within
an adhesive patch, wrist band, head band, leg band, or other
patch or band suitable for positioning a strain gauge sensor
at or near an artery.

The external computing device 902 can include a PC,
tablet, smart phone or other portable device. The external
computing device 902 includes, for instance, a power supply
906 such as a battery, memory 908, a controller 910, and an
interface controller 912. The external computing device 902
can transier power 914 and data 916 through wired connec-
tions to the sensing patch or band 904.

The sensing patch or band 904 can include an interface
controller 918, a sensor control module 920, and a piezo-
clectric or piezoresistive sensor unit 306. The piezoelectric
or piezoresistive sensor unit 306 can include a semiconduc-
tor based strain gauge sensor with a Wheatstone bridge
circuit or a piezoelectric sensor. The interface controller 918
can include one or more interfaces 924 1n communication
with memory 926 and logic 928. The sensor control module
920 can include for mnstance an amplifier, an A/D converter
and a microcontroller.

FIG. 9 depicts a schematic of another exemplary strain
gauge sensor system 1000 according to one or more embodi-
ments ol the mnvention. The system 1000 1ncludes a sensing
umt 1004 and an external computing device 1002. The
sensing patch or band can include a strain gauge sensor
integrated within an adhesive patch, wrist band, head band,
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leg band, or other patch or band suitable for positioning a
strain gauge sensor at or near an artery. In some embodi-
ments, the sensing unit 1s a component of an 1mplantable
device, such as a device positioned at or near an artery. An
implantable device includes a device that includes or has
been treated with a biocompatible coating suitable for
implantation within a subject.

The external computing device 1002 can include a PC,
tablet, smart phone or other portable device. The external
computing device 1002 includes, for instance, a power
supply 1006 such as a battery, memory 1008, a controller
1010, and a radio frequency (RF) reader/writer 1012. The

external computing device 1002 can send/receive data 1016
through a wireless connection (e.g. Bluetooth, WikF1, Near
field communication (NFC), etc.) to the sensing unit 1004 by
way olf, for example, an electromagnetic field generated by
antenna 1013 included 1n the external computing device
1002 and the sensing unit 1004. In some embodiments, not
shown 1 FIG. 9, power can be transmitted to the sensing
unit 1004 by NFC.

The sensing umit 1004 can include an RF interface con-
troller 1018, a sensor control module 1020, a piezoelectric or
piezoresistive sensor unit 306, and a power supply 1014. The
piezoelectric or piezoresistive sensor unit 306 can include a
semiconductor based strain gauge sensor with a Wheatstone
bridge circuit or a piezoelectric sensor. In some embodi-
ments of the invention, the system 1000 includes a piezo-
clectric strain gauge sensor 1 place of the semiconductor-
based stramn gauge sensor, without a Wheatstone bridge
circuit. The interface controller 1018 can include an inter-
face 1030 1n communication with memory 1026, logic 1028,
and RF interface 1024. The sensor control module 1020 can
include for mstance an amplifier, an analog to digital con-
verter and a microcontroller.

In some embodiments of the invention, a strain gauge
sensor 1s used in combination with other biosensors, such as
heart rate monitors, pulse oximeters, thermometers, ECG
instrumentation, respiration monitors, and the like. In some
embodiments of the invention, systems include combina-
tions of ECG sensors and strain gauge sensors.

Embodiments of the mvention include methods for ana-
lyzing pressure pulse waves, heart rate variability, and/or
arterial pressure derived from strain gauge sensors. Such
methods can include obtaining a pressure pulse signal from
a {irst strain gauge sensor, obtaining a pressure pulse signal
from a second strain gauge sensor, wherein the second strain
gauge sensor 1s positioned at a different location on a body
than the first strain gauge sensor, and calculating the transit
time of the blood from the first strain gauge sensor to the
second strain gauge sensor. In some embodiments of the
invention, a blood pressure 1s derived from the transit time.
In some embodiments of the invention, a vascular stiflness
parameter, such as an arterial stifiness index or other artenal
stiflness characteristic, 1s derived from the transit time. In
some embodiments of the invention, methods include
extracting information from the pressure pulse signal wave-
form, for instance by machine learning. For example, the
pressure pulse signal can be obtained over a period of time
or over multiple periods of time for a subject and/or for other
subjects and saved 1n a pressure pulse signal database. A
pressure pulse signal can be compared to the pressure pulse
signal database and unique, abnormal, or infrequent signal
features and/or signal features associated with or that cor-
relate to abnormal or problematic conditions can be derived
from the pressure pulse signal based upon the database.
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In some embodiments of the invention, strain gauge
sensors are used for continuous determination of systolic
and diastolic arterial pressure.

Embodiments of the invention include detection of heart
fallure by obtaining a pressure pulse signal from a strain
gauge sensor and determining the presence or absence of

heart failure by analyzing the pressure pulse signal.
FIG. 10 depicts a flow diagram of a method 1100 for

determining arterial pressure according to one or more
embodiments of the present invention. The method 1100
includes, as shown at block 1102 receiving an ECG signal

from an ECG electrode.

The method 1100 includes, as shown at block 1104
receiving a pressure pulse wavelorm from a wearable sen-
sor, such as a sensor including a piezoelectric or piezore-
sistive material, such as a strain gauge sensor. The pressure
pulse wavelorm can be recorded by plethysmography using
a single semiconductor strain gauge sensing unit, such as a
patch, band, or implantable device or a strain gauge sensing
unit 1n combination with other biosensors, such as light
sensors or other devices for plethysmography.

In some embodiments of the invention, FCG and/or
plethysmography signals can be filtered with standard signal
processing routines. In some embodiments of the invention,
signal processing 1s performed by a device external to a
wearable or implantable device. The method 1100 1ncludes,
as shown at block 1106, extracting features from the ECG
signal, such as an R-peak of a QRS complex and RR-
intervals between neighboring QRS waves. The method
1100 includes, as shown at block 1108, extracting pressure
pulse wave features from the pressure pulse wavelorm, such
as time ol onset of the pulse pressure wave, time of wave

peak, and time of the peak of retlection wave.
The method 1100 includes, as shown at block 1110,

determining arterial pressure based at least 1n part upon the
pressure pulse wave features and the ECG {features. For
instance, systolic and diastolic arterial pressure can be
estimated or determined based at least in part upon the
interval between the R-peak and the onset of the blood
pressure wave RP1 (as depicted in FIG. 1), the interval
between the onset of the pressure wave and the peak P1P2

(as depicted in FI1G. 1) of point P1 206 and point P2 208, and
the RR-intervals (RR, as depicted in FIG. 1). Artenal
pressure or blood pressure can be computed based on linear
regression or non-linear formulas derived from wave propa-
gation principles.

FIG. 11 depicts a flow diagram of another method 1200
for determining arterial pressure according to one or more
embodiments of the present invention. The method 1200
includes, as shown at block 1202, receiving a first pressure
pulse signal from a first wearable sensor including a piezo-
clectric or piezoresistive material. The method 1200
includes, as shown at block 1204, receiving a second pres-
sure pulse signal from a second wearable sensor including a
piezoelectric or piezoresistive material. For instance, a strain
gauge sensor can be placed near a carotid artery and another
strain gauge sensor can be placed on the wrist. The method
1200 includes, as shown at block 1206, determining a pulse
transit time between the first strain gauge sensor and the
second strain gauge sensor based at least i part upon the
first pressure pulse signal and the second pressure pulse
signal.

In some embodiments of the invention, a pressure pulse
signal 1s processed by an external device, such as a com-
puter, tablet, or smart device in communication with the
sensor, for example via circuitry 1n proximity to the sensor.
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In some embodiments of the invention, a pressure pulse
signal 1s analyzed 1n the cloud.

It 1s understood in advance that although this description
includes a detailed description on cloud computing, imple-
mentation of the teachings recited herein are not limited to
a cloud computing environment. Rather, embodiments of the
present i1nvention are capable of being implemented in
conjunction with any other type of computing environment
now known or later developed.

Cloud computing 1s a model of service delivery for
enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g. networks,
network bandwidth, servers, processing, memory, storage,
applications, virtual machines, and services) that can be
rapidly provisioned and released with minimal management
cllort or interaction with a provider of the service. This cloud
model can include at least five characteristics, at least three
service models, and at least four deployment models.

Characteristics are as follows:

On-demand seli-service: a cloud consumer can unilater-
ally provision computing capabilities, such as server time
and network storage, as needed automatically without
requiring human interaction with the service’s provider.

Broad network access: capabilities are available over a
network and accessed through standard mechanisms that
promote use by heterogeneous thin or thick client platforms
(c.g., mobile phones, laptops, and PDAs).

Resource pooling: the provider’s computing resources are
pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynami-
cally assigned and reassigned according to demand. There 1s
a sense ol location independence in that the consumer
generally has no control or knowledge over the exact
location of the provided resources but can be able to specity
location at a higher level of abstraction (e.g., country, state,
or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically
provisioned, 1n some cases automatically, to quickly scale
out and rapidly released to quickly scale in. To the consumer,
the capabilities available for provisioning oiten appear to be
unlimited and can be purchased 1n any quantity at any time.

Measured service: cloud systems automatically control
and optimize resource use by leveraging a metering capa-
bility at some level of abstraction appropriate to the type of
service (e.g., storage, processing, bandwidth, and active user
accounts ). Resource usage can be monitored, controlled, and
reported providing transparency for both the provider and
consumer of the utilized service.

Service Models are as follows:

Software as a Service (SaaS): the capability provided to
the consumer 1s to use the provider’s applications running on
a cloud infrastructure. The applications are accessible from
various client devices through a thin client interface such as
a web browser (e.g., web-based e-mail). The consumer does
not manage or control the underlying cloud infrastructure
including network, servers, operating systems, storage, or
even individual application capabilities, with the possible
exception of limited user-specific application configuration
settings.

Platform as a Service (PaaS): the capability provided to
the consumer 1s to deploy onto the cloud infrastructure
consumer-created or acquired applications created using
programming languages and tools supported by the provider.
The consumer does not manage or control the underlying
cloud mfrastructure including networks, servers, operating

10

15

20

25

30

35

40

45

50

55

60

65

12

systems, or storage, but has control over the deployed
applications and possibly application hosting environment
confligurations.

Infrastructure as a Service (laaS): the capability provided
to the consumer 1s to provision processing, storage, net-
works, and other fundamental computing resources where
the consumer 1s able to deploy and run arbitrary software,
which can include operating systems and applications. The
consumer does not manage or control the underlying cloud
inirastructure but has control over operating systems, stor-
age, deployed applications, and possibly limited control of
select networking components (e.g., host firewalls).

Deployment Models are as follows:

Private cloud: the cloud infrastructure 1s operated solely
for an organization. It can be managed by the organization
or a third party and can exist on-premises or oil-premises.

Community cloud: the cloud infrastructure 1s shared by
several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It can be managed
by the organizations or a third party and can exist on-
premises or ofl-premises.

Public cloud: the cloud infrastructure 1s made available to
the general public or a large industry group and 1s owned by
an organization selling cloud services.

Hybrnd cloud: the cloud infrastructure 1s a composition of
two or more clouds (private, community, or public) that
remain unique entities but are bound together by standard-
1zed or proprietary technology that enables data and appli-
cation portability (e.g., cloud bursting for load-balancing
between clouds).

A cloud computing environment 1s service oriented with
a focus on statelessness, low coupling, modularity, and
semantic interoperability. At the heart of cloud computing 1s
an 1nirastructure including a network of interconnected
nodes.

Referring now to FIG. 12, illustrative cloud computing
environment 30 according to one or more embodiments of
the present invention 1s depicted. As shown, cloud comput-
ing environment 50 includes one or more cloud computing
nodes 10 with which local computing devices used by cloud
consumers, such as, for example, personal digital assistant
(PDA) or cellular telephone 34A, desktop computer 54B,
laptop computer 54C, and/or automobile computer system
54N can communicate. Nodes 10 can communicate with one
another. They can be grouped (not shown) physically or
virtually, 1n one or more networks, such as Private, Com-
munity, Public, or Hybrid clouds as described hereinabove,
or a combination thereof. This allows cloud computing
environment 50 to offer inirastructure, platforms and/or
software as services for which a cloud consumer does not
need to maintain resources on a local computing device. It
1s understood that the types of computing devices 54A-N
shown 1n FIG. 12 are intended to be illustrative only and that
computing nodes 10 and cloud computing environment 50
can commumnicate with any type of computerized device over
any type ol network and/or network addressable connection
(e.g., using a web browser).

Referring now to FIG. 13, a set of functional abstraction
layers provided by cloud computing environment 50 (FIG.
12) according to one or more embodiments of the present
invention 1s shown. It should be understood 1n advance that
the components, layers, and functions shown in FIG. 13 are
intended to be illustrative only and embodiments of the
invention are not limited thereto. As depicted, the following
layers and corresponding functions are provided:
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Hardware and software layer 60 includes hardware and
solftware components. Examples of hardware components
include: mainframes 61; RISC(Reduced Instruction Set
Computer) architecture based servers 62; servers 63; blade
servers 64; storage devices 65; and networks and networking
components 66. In some embodiments, soltware compo-
nents include network application server software 67 and
database software 68.

Virtualization layer 70 provides an abstraction layer from
which the following examples of virtual entities can be
provided: wvirtual servers 71; virtual storage 72; virtual
networks 73, including virtual private networks; virtual
applications and operating systems 74; and virtual clients
75.

In one example, management layer 80 can provide the
functions described below. Resource provisioning 81 pro-
vides dynamic procurement of computing resources and
other resources that are utilized to perform tasks within the
cloud computing environment. Metering and Pricing 82
provide cost tracking as resources are utilized within the
cloud computing environment, and billing or invoicing for
consumption ol these resources. In one example, these
resources can include application software licenses. Security
provides 1dentity verification for cloud consumers and tasks,
as well as protection for data and other resources. User
portal 83 provides access to the cloud computing environ-
ment for consumers and system administrators. Service level
management 84 provides cloud computing resource alloca-
tion and management such that required service levels are
met. Service Level Agreement (SLA) planning and fulfill-
ment 85 provide pre-arrangement for, and procurement of,
cloud computing resources for which a future requirement 1s
anticipated 1n accordance with an SLA.

Workloads layer 90 provides examples of functionality
tor which the cloud computing environment can be utilized.
Examples of workloads and functions which can be pro-
vided from this layer include: mapping and navigation 91;
software development and lifecycle management 92; virtual
classroom education delivery 93; data analytics processing
94 transaction processing 95; and determining arterial pres-
sure 96.

Referring now to FIG. 14, a schematic of a cloud com-
puting node 100 included 1n a distributed cloud environment
or cloud service network 1s shown according to one or more
embodiments of the present invention. The cloud computing
node 100 1s only one example of a suitable cloud computing
node and 1s not mtended to suggest any limitation as to the
scope of use or functionality of embodiments of the mnven-
tion described herein. Regardless, cloud computing node
100 1s capable of being implemented and/or performing any
of the functionality set forth hereinabove.

In cloud computing node 100 there 1s a computer system/
server 12, which 1s operational with numerous other general
purpose or special purpose computing system environments
or configurations. Examples of well-known computing sys-
tems, environments, and/or configurations that can be suit-
able for use with computer system/server 12 include, but are
not limited to, personal computer systems, server computer
systems, thin clients, thick clients, hand-held or laptop
devices, multiprocessor systems, microprocessor-based sys-
tems, set top boxes, programmable consumer electronics,
network PCs, minicomputer systems, mainframe computer
systems, and distributed cloud computing environments that
include any of the above systems or devices, and the like.

Computer system/server 12 can be described 1n the gen-
eral context of computer system-executable instructions,
such as program modules, being executed by a computer
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system. Generally, program modules can include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 12 can be
practiced in distributed cloud computing environments
where tasks are performed by remote processing devices that
are linked through a communications network. In a distrib-
uted cloud computing environment, program modules can
be located 1n both local and remote computer system storage
media including memory storage devices.

As shown 1n FIG. 14, computer system/server 12 in cloud
computing node 100 1s shown in the form of a general-
purpose computing device. The components of computer
system/server 12 can include, but are not limited to, one or
more processors or processor 16, a system memory 28, and
a bus 18 that couples various system components including
system memory 28 to processor 16.

Bus 18 represents one or more of any of several types of
bus structures, including a memory bus or memory control-
ler, a peripheral bus, an accelerated graphics port, and a
processor or local bus using any of a variety of bus archi-
tectures. By way ol example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Flectronics Standards Association
(VESA) local bus, and Peripheral Component Interconnect
(PCI) bus.

Computer system/server 12 typically includes a vanety of
computer system readable media. Such media can be any
available media that 1s accessible by computer system/server
12, and 1t includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 can include computer system readable
media 1n the form of volatile memory, such as random
access memory (RAM) 30 and/or cache memory 32. Com-
puter system/server 12 can further include other removable/
non-removable, volatile/non-volatile computer system stor-
age media. By way of example only, storage system 34 can
be provided for reading from and writing to a non-remov-
able, non-volatile magnetic media (not shown and typically
called a “hard drive”). Although not shown, a magnetic disk
drive for reading from and writing to a removable, non-
volatile magnetic disk (e.g., a “floppy disk™), and an optical
disk drnive for reading from or writing to a removable,
non-volatile optical disk such as a CD-ROM, DVD-ROM or
other optical media can be provided. In such instances, each
can be connected to bus 18 by one or more data media
interfaces. As will be further depicted and described below,
memory 28 can 1nclude at least one program product having
a set (e.g., at least one) of program modules that are
configured to carry out the functions of embodiments of the
invention.

Program/utility 40, having a set (at least one) of program
modules 42, can be stored in memory 28 by way of example,
and not limitation, as well as an operating system, one or
more application programs, other program modules, and
program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, can include an 1mple-
mentation of a networking environment. Program modules
42 generally carry out one or more functions and/or meth-
odologies 1n accordance with some embodiments of the
present 1nvention.

Computer system/server 12 can also communicate with
one or more external devices 14 such as a keyboard, a
pointing device, a display 24, etc., one or more devices that
enable a user to interact with computer system/server 12,
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and/or any devices (e.g., network card, modem, etc.) that
enable computer system/server 12 to communicate with one
or more other computing devices. Such communication can
occur via Input/Output (I/O) interfaces 22. Still yet, com-
puter system/server 12 can communicate with one or more
networks such as a local area network (LAN), a general wide
area network (WAN), and/or a public network (e.g., the
Internet) via network adapter 20. As depicted, network
adapter 20 communicates with the other components of
computer system/server 12 via bus 18. It should be under-
stood that although not shown, other hardware and/or soft-
ware components could be used 1 conjunction with com-
puter system/server 12. Examples, include, but are not
limited to: microcode, device drivers, redundant processing
units, external disk drive arrays, RAID systems, tape drives,
and data archival storage systems, efc.

Example 1—Comparison Between Strain Gauge
Sensor and Conventional Pulse Oximeter

A semiconductor-based strain gauge sensor according to
embodiments of the mvention was applied to a wrist of a
human subject with an adhesive material and connected to
an external computing unit via a wired communication. A
pulse measurement signal was obtained by the semiconduc-
tor-based strain gauge sensor and compared to a pulse
measurement signal collected by a conventional pulse oxi-
meter. The pulse measurement signals obtained are depicted
in FIG. 15. As 1s shown, the strain gauge sensor correctly
detects the periodicity of the pulse pressure signal, similar to
prior art systems such as the pulse oximeter.

Example 2—Embodiment Including ECG and
Strain Gauge Sensors

An ECG and a signal from a strain gauge sensor were
simultaneously obtained for a subject known to have high
systolic blood pressure. A strain gauge sensor recording was
obtained for a period of ten minutes. FIG. 16 A shows the
pressure pulse wave form obtained from the strain gauge
sensor. FIG. 16B depicts the data obtained from the strain
gauge sensor after filtering and extraction of features for
estimation of blood pressure. After immitial calibration with a
conventional arm pressure cull system, Systolic blood pres-
sure was calculated from the filtered and extracted data by
the Moens-Korteweg equation. Estimated pressure tracing 1s
shown 1 FIG. 16C. A second arm cull pressure measure-
ment was performed at the end of the ten-minute session,
showing good agreement between the conventional pressure
cull system and the combined ECG-strain gauge system.

The following definitions and abbreviations are to be used
for the interpretation of the claims and the specification. As
used herein, the terms “comprises,” “‘comprising,”
“includes,” “including,” “has,” “having,” “contains” or
“containing,” or any other varnation thereof, are intended to
cover a non-exclusive inclusion. For example, a composi-
tion, a mixture, process, method, article, or apparatus that
comprises a list of elements 1s not necessarily limited to only
those elements but can include other elements not expressly
listed or inherent to such composition, mixture, process,
method, article, or apparatus.

Additionally, the term “exemplary” 1s used herein to mean
“serving as an example, instance or illustration.” Any
embodiment or design described herein as “exemplary™ 1s
not necessarily to be construed as preferred or advantageous
over other embodiments or designs. The terms “at least one™

and “one or more” are understood to include any integer
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number greater than or equal to one, 1.e. one, two, three,
four, etc. The terms “a plurality” are understood to include
any nteger number greater than or equal to two, 1.e. two,
three, four, five, etc. The term “connection” can include an
indirect “connection” and a direct “connection.”

References 1n the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” etc., indicate that
the embodiment described can include a particular feature,
structure, or characteristic, but every embodiment may or
may not include the particular feature, structure, or charac-
teristic. Moreover, such phrases are not necessarily referring,
to the same embodiment. Further, when a particular feature,
structure, or characteristic 1s described in connection with an
embodiment, 1t 1s submuitted that 1t 1s within the knowledge
of one skilled 1n the art to aftect such feature, structure, or
characteristic 1n connection with other embodiments
whether or not explicitly described.

The present mnvention may be a system, a method, and/or
a computer program product at any possible technical detail
level of itegration. The computer program product may
include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium 1ncludes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program 1nstructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
istructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present imvention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine 1nstructions, machine dependent instructions,




US 11,246,496 B2

17

microcode, firmware instructions, state-setting data, con-
figuration data for integrated circuitry, or either source code
or object code written 1n any combination of one or more
programming languages, including an object oriented pro-
gramming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the “C” pro-
gramming language or similar programming languages. The
computer readable program instructions may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider). In some
embodiments of the mvention, electronic circuitry includ-
ing, for example, programmable logic circuitry, field-pro-
grammable gate arrays (FPGA), or programmable logic
arrays (PLA) may execute the computer readable program
instruction by utilizing state information of the computer
readable program instructions to personalize the electronic
circuitry, in order to perform aspects of the present inven-
tion.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article ol manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or
blocks.

The computer readable program 1nstructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer imple-
mented process, such that the mstructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment, or
portion ol instructions, which comprises one or more
executable instructions for implementing the specified logi-
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cal function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted 1n the Figures. For example, two blocks shown in
succession may, in fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality mvolved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations of special purpose hardware and computer
instructions.

The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments described. Many modifications and
variations will be apparent to those of ordinary skill 1n the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments of
the mvention, the practical application or technical improve-
ment over technologies found in the marketplace, or to
enable others of ordinary skill 1n the art to understand the
embodiments described herein.

What 1s claimed 1s:
1. A computer-implemented method for operating a bio-
logical monitoring system, comprising:

recerving, by a processor of-n the biological monitoring
system on a wrist of a subject 1n which the biological
monitoring system 1s at a location on the subject, a first
pressure pulse signal from a first semiconductor strain
gauge sensor of the biological monitoring system at the
location, wherein the first semiconductor strain gauge
1s doped using a doping matenal, the biological moni-
toring system being a self-contained portable unit com-
prising the processor, the first semiconductor strain
gauge sensor, and a register, the register being config-
ured to record the first pressure pulse signal, the bio-
logical monitoring system having a protrusion pressed
against the wrist of the subject, wherein the first semi-
conductor strain gauge sensor Comprises a pleZoresis-
tive material or a piezoelectric material, wherein the
biological monitoring system comprises a band, the
protrusion being formed on the band, wherein the
piezoresitive material or the piezoelectric matenal 1s
arranged along an entire contour of the protrusion and
configured to be positioned against the subject’s skin;

recerving, by the processor, a second pressure pulse signal
from a second semiconductor strain gauge sensor, the
register being configured to record the second pressure
pulse signal wherein the second semiconductor strain
gauge 1s doped using the doping matenal;

calculating, by the processor of the biological monitoring,
system at the location, a pulse transit time between the
first semiconductor strain gauge sensor and the second
semiconductor strain gauge sensor based at least 1n part
upon the first pressure pulse signal and the second
pressure pulse signal;

providing, using a Moens-Korteweg equation by the
processor ol the biological momitoring system at the
location, an arterial pressure of the subject based at
least 1in part upon the pulse transit time; and

storing, by the processor of the biological monitoring
system, the first and second pressure pulse signals 1n a
pulse pressure signal database for the subject over a
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period of time, thereby enabling the subject to manage
cardiovascular disease and heart rate variability.

2. The computer-implemented method of claim 1,
wherein the first pressure pulse signal or the second pressure
pulse signal 1s communicated wirelessly to the processor.

3. The computer-implemented method of claim 1,
wherein the second pressure pulse signal comprises a carotid
artery signal, and the first pressure pulse signal comprises a
radial artery signal.

4. The computer-implemented method of claim 1, further
comprising analyzing the first pressure pulse signal or the
second pressure pulse signal 1n a cloud-based environment.

5. The computer-implemented method of claim 1,
wherein the first semiconductor strain gauge sensor and the
second semiconductor strain gauge sensor are in electrocar-
diogram (ECGQG) electrodes that are used to record an ECG.

6. The computer-implemented method of claim 1,
wherein the protrusion 1s formed of a same material as the

band.
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